Abstract---The hole-initiated impact ionization multiplication factor M,-1 and the ionization coefficient ap in AlGaAsAnGaAs p-n-p heterojunction bipolar transistors are presented. A large departure is observed at low electric field when comparison is made between the measured data and those obtained from avalanche photodiode measurements. The results show that the conventional impact ionization models, based on local electric field, substantially overestimate the hole impact ionization multiplication factor M,-1 and the hole ionization coefficient in p-n-p heterojunction bipolar transistors where significant dead space effects occur in the collector space charge region.
1, Introduction
It is well known that the power capability of heterojunction bipolar transistors (HBT's) is limited by impact ionization phenomena occurred in the collector space charge region. At high electric fields, the impact ionization process leads to avalanche multiplication and eventually to breakdown. In order to calculate junction breakdown voltages accurately, it is necessary to obtain avalanche multiplication factors and ionization coefficients of electron and hole. The avalanche multiplication phenomena occurred in AlGaAs/GaAs, InGaP/GaAs and InPIGaInAs n-p-n HBT's have been reported [l-61 . However , there has been no report in hole-initiated avalanche multiplication and impact ionization coefficient. The p-n-p HBT's have recently attracted much attention because of their applications in monolithic complementary HBT technology (71. Thus, a good knowledge of avalanche multiplication and hole ionization coefficient in p-n-p HBT's is necessary. In this paper, the avalanche multiplication factor and the hole impact ionization coefficients in AlGaAsAnGaAs p-n-p HBT's are presented. A strong hole dead space effect was observed at low electric fields and a simple correction for the dead space is proposed. Table 1 The p-n-p HBT epitaxial layer structure 
Device Fabrication and Experiments
The devices used in this work were p-n-p AlGaAsAnGaAs HBT's with the GaAs collector grown by MBE. The device structure is shown in Table 1 . In view of the low hole mobility in GaAs, an indium composition in the InGaAs base was linearly graded from 15% at the collector edge to 0% at the emitter edge to reduce the base transit time. The structures were fabricated into devices using optical lithography and selective wet etching for mesa definition. The devices exhibited a high dc current gain (p) of 290 at a collector current (0-7803-6304-3/00/$10.00 02000 IEEE) (IC) of 210 mA with an emitter area dimension of 35pm x45pm. To obtain the multiplication characteristics as a function of the electric field, the technique described by Zanoni [l] and Canali et. al.
[3] was used. The HBT was operated in the common base mode and a constant base-emitter bias V B E =~. 15V was applied to inject hole into the base to be collected by the collector. Generated electrons are collected at the base contact, which contribute to a negative term AIB in the base
where IBO is the base current without multiplication and it is assumed to be equal to IB at VCB=O V. Under conditions when the multiplication values are high, the base current may reverse its polarity and become negative. The multiplication factor M,-1 can be
Theoretical Modeling
From standard ionization theory, the expression for hole multiplication, Mp, is given as: (3) where ap (x) and a,(x) are the hole and electron ionization coefficients, respectively, as a function of distance, and Wc is the width of collector space charge region. To model the effects of dead space, we assume that a hole injected into the depletion region must travel a finite distance, xth, before causing ionization. In this dead space, the probability of ionization by the injected carrier is assumed to be zero, and Xth is defined by [9] (4) where E (x) is the electric field profile in the space charge region of the collector with the maximum electric field occurring at x=O. &th is the threshold energy for ionization initiated by hole. Solving the integral in (4) yields an expression for x& given by [5] dE E,,, -,/E: -2qh -
where E,,, is the maximum value of electric field occurring at the p' n junction. E,,, and dE/dx can be found by solving Poission's equation.
In the dead space, ap is zero for O<x< xth and only electrons entering from the collector region where x> xth contribute to impact ionization. We assume that electrons come from outside the dead space, which cause impact ionization within the dead space, do not cause secondary ionization. Under these conditions, the electron current that can generate electron-hole pairs by impact ionization in the dead space may be assumed to be constant throughout the dead space. We also assume that the dead space effect for electrons generated near the sub-collector is negligible.
The effect of dead space upon M, may then be modeled by [ 101 To obtain the multiplication factor as a function of bias voltage, Poisson's equation was solved to determine the electric field profile in the collector. The built in voltage was calculated to be 1.365V for our device. Local values for a, and ap were calculated using the published data of Bulman et a1 [9] . Equations (3) and (6) were then solved using numerical integral to find values of M,-1 for the dead space corrected local model.
Results and Discussion
The base-collector diode reverse current ICBO measured at IE=O was very low (10pA at VCB =13 V) thus the parasitic contribution of ICBQ can be neglected. The self-heating of the device can be also neglected in our measurement. In order to verify that the Early effect does not contribute significantly to the results, M,-I was measured also at different emitter current levels from O.lmA to 0.5mA. The obtained curves of M,-1 vs VCB were identical. Since in the case of significant carrier modulation of the electric field M,-1 depends on the emitter current. Our results indicate that this effect can be neglected. [8] . The bulk data for electron and hole ionization coefficients published by Bulman -et. al. [9] were used in the model. It can be seen that when the impact ionization coefficients are calculated as a function of the local electric field, a large overestimation of the experimental data occurs at low bias voltages. We attribute this to the fact that there is a strong dead sp&e effect in the collector of the p-n-p AlGaAdGaInAs HBT. The solid line in Fig. 1 shows M,-1 calculated using the dead space corrected model of (6). It demonstrates that the dead space corrected model produces multiplication data in excellent agreement with the experimental results when a threshold energy of 2.5 eV is assumed which coincides with the predicted value [ 1 11.
In order to further illustrate the non-local electric field effects, the conventional deduction of ap from M, for punch through and non-punch through conditions was carried out in which ap is assumed to depend only on the electric field. In the case of'an abrupt n' p junction where the collector is not fully depleted, the hole ionization coefficient can be obtained by [9] where E, , is the maximum electric field at the n' p junction and VCB is the applied voltage. Since our measurements only yield multiplication factor for pure hole injection only, we approximate the electron multiplication as equal to unity in order to deduce ap. This approximation is justified at low electric fields where both electron and hole multiplication factor are very close to unity. the results based on Reference [9] . Fig. 2 shows the hole ionization coefficient calculated from the multiplication factor measurement. It can be seen that the ap values agree with the data of Bulman et a1 at high electric field, but fall significantly below bulk values at low electric fields. The lower the bias, the larger the departure. It demonstrates again that the conventional impact ionization models, based on local electric field, substantially overestimate the hole ionization coefficient in advanced bipolar transistors where significant dead space effects occur in the base-collector space charge region.
Conclusion
In conclusion, measurements of hole avalanche multiplication characteristics and ionization coefficient on AlGaAshGaAs p-n-p HBT's were performed and the results show that there is a strong dead space effect in p-n-p HBT's at low bias voltages. The local electric field model is not accurate for predicting the hole ionization coefficient and hence the nonlocal electric field effect will have to be taken into consideration to give a more accurate prediction of the avalanche multiplication effect in AIGaAslGaAs p-n-p HBT's. 
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